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Objectives

Develop detailed chemical kinetic models for fuel components used in surrogate
fuels for diesel and HCCI engines

Develop surrogate fuel models to represent real fuels and model low temperature
combustion strategies in HCCI and diesel engines that lead to low emissions and
high efficiency

Characterize the role of fuel composition on low temperature combustion modes
of advanced combustion engines

Accomplishments

Developed first-ever primary reference fuel mechanism for gasoline and diesel
fuels

Development of a high and low temperature mechanisms for series of iso-alkanes
that covers the entire distillation range of diesel fuel

Successfully simulated intermediate temperature heat release, which plays an
important role in maintaining HCCI operation as the boost pressure is increased
Developed improved mechanisms for fuel components in gasoline fuels: toluene,
pentenes, and hexenes.

Developed a functional-group kinetics modeling approach for n-alkanes that
greatly reduces the size of the mechanism for use in multidimensional engine
simulations

Future Directions

Develop chemical kinetic model for a high molecular-weight aromatic to
represent the aromatics chemical class in diesel fuel

Development of low and high temperature mechanisms for a new series of iso-
alkanes to represent the iso-alkane chemical class in diesel fuel

Test surrogate mixture models for gasoline by comparison to HCCI engine and
RCM experiments

Validate the chemical kinetic mechanism of 2-methyl heptane, a model iso-alkane
Develop a functional group method for iso-alkanes in diesel fuel so that the
chemical kinetic mechanism can be greatly reduced in size for multidimensional
engine simulations

Introduction



Predictive engine simulation models are needed to make rapid progress towards DOE's goals of
increasing combustion engine efficiency and reducing pollutant emissions. These engine
simulation models require chemical kinetic submodels to allow the prediction of the effect of fuel
composition on engine performance and emissions. Chemical kinetic models for conventional
and next-generation transportation fuels need to be developed so that engine simulation tools can
predict fuel effects.

Approach

Gasoline and diesel fuels consist of complex mixtures of hundreds of different components.
These components can be grouped into chemical classes including n-alkanes, iso-alkanes,
cycloalkanes, alkenes, oxygenates, and aromatics. Since chemical kinetic models cannot be
developed for hundreds of components, specific components need to be identified to represent
each of these chemical classes. Then detailed chemical kinetic models for these selected
components can be developed. These component models are subsequently merged to produce a
“surrogate” fuel model for gasoline, diesel, and next-generation transportation fuels. This
approach can create realistic surrogates for gasoline or diesel fuels that reproduce experimental
behavior of the practical real fuels. Detailed kinetic models for surrogate fuels can then be
simplified as needed for inclusion in multidimensional CFD models or used in full detail for
purely kinetic modeling.

Results

Iso-alkanes are present in diesel fuel in large concentrations [1] and are a chemical class that
needs to be represented in a diesel surrogate model. During FY 2010, we have developed a
chemical kinetic model for a whole series of iso-alkanes that covers the full distillation range of
diesel fuel. It is important to represent the full distillation range in diesel to describe the complex
behavior in evaporating and reacting diesel sprays. Ra et al. [2] have shown that lighter
components are present in higher concentrations upstream in a simulated diesel spray and heavier
components downstream. We have selected a series of 2-methyl alkanes as a starting point to
represent the iso-alkanes in diesel fuel. We have developed a chemical kinetic model for all the
2-methyl alkanes from C8 to C20 to cover the full distillation range. This was a very ambitious
task, involving the estimation of thermodynamic properties for thousands of species and the
assembly of thousands of reactions with their associated rate constants. Subsequently, we have
obtained experimental data on one of the 2-methyl alkanes (2-methyl heptane) to help validate
our chemical kinetic model [3]. Predictions of the model compare well with species
concentration profiles measured in a counterflow diffusion flame for 2-methyl heptane. Further
experimental validations are planned.

The interesting behavior of ignition of these iso-alkanes compared n-alkanes is given in Fig. 1.
The iso-alkanes are more resistant to ignition then the n-alkanes as shown by their longer ignition
delay times. Also, the iso-alkanes show less low temperature chemistry in the n-alkanes because
the ignition delays are particularly longer temperature range 750 to 900K. This is a critical
temperature region for cetane number and these results indicate that the cetane numbers should be
smaller for iso-alkanes compared to n-alkanes with the same carbon number which is consistent
with available experimental information for cetane numbers [4]. Also Fig. 1 shows the expected
trend in ignition behavior with increasing carbon number for both the n-alkanes and iso-alkanes:
as the carbon number of the alkane increases, the ignition delay time decreases. This trend is
particularly apparent in the negative temperature coefficient region, a key region that influences
fuel effects in diesel and gasoline engines.



Primary Reference Fuels (PRFs) are important for rating the ignition behavior of gasoline and
diesel fuels. Detailed chemical kinetic models for primary reference fuels are needed to provide a
reference point for comparison of the behavior of conventional and next-generation fuels. For the
first time, we have developed a chemical kinetic mechanism for gasoline and diesel PRFs [5].

For gasoline PRFs, the mechanism describes the ignition of n-heptane and isooctane used to rate
gasoline properties through the octane number. For diesel PRFs, our mechanism also describes
the ignition of n-hexadecane and 2,2,4,4,6,8,8-heptamethylnonane used to rate diesel fuels
through the cetane number test. The predicted ignition behavior of gasoline and diesel PRFs are
shown in Figs 2 and 3. Predictions for the gasoline PRFs compare well with the experimental
data from [6]. This mechanism provides engine designers and fuel scientists with a predictive
tool to compare the behavior real fuels with reference fuels.

Chemical kinetic models for real fuels need to be reduced to allow their use in CFD engine
simulation models. We have developed a new approach called the functional group approach,
that greatly reduces the size of a chemical kinetic fuel mechanism and it’s accompanying
computational requirements. Each fuel molecule is divided up into function groups based on the
molecular structure of fuel. Each function group is represented in the chemical kinetic
mechanism with its own set of intermediate species and associated detailed chemical kinetic
reactions. Once the fuel molecules have eventually been broken down into fragments of C4 or
less, the chemical species are handled by our base C1 to C4 mechanism. In the case of n-decane
(Fig. 4), the functional group approach has allowed a factor of 4 reduction in the number of
species in the chemical kinetic model compared to a fully detailed approach. In the case of n-
hexadecane, the number of species was reduced by factor of 10, greatly reducing computational
requirements.

Dec et al. [7] found that intermediate temperature heat release is an important fuel behavior that
allows retarded HCCI phasing and high load operation. We performed detailed kinetic modeling
of intermediate temperature release and used their experimental data to provide further validation
of our fuel kinetic model. We developed a methodology for formulating a gasoline surrogate
model and developed a surrogate that contained n-heptane, isooctane, toluene, and 2-pentene, to
simulate the 87 octane gasoline used in their experiments. As shown in Fig. 5, we were able to
back predict the temperature at bottom dead center required to reproduce combustion phasing and
their HCCI engine. This comparison shows that our surrogate model is able to accurately predict
HCCI combustion for 87 octane gasoline. We were also able to identify the source of the
intermediate temperature release which was associated with the formation of HO, radicals and the
oxidation of formaldehyde.

More accurate fuel component models are needed to formulate better surrogate models for real
fuels. During FY10, we have improved our fuel component models for pentenes and hexenes to
model the olefin chemical class and toluene to model the aromatic class in gasoline [8]. We have
also improved the chemical kinetic model for benzene, an important intermediate in the oxidation
of toluene and other aromatics. Our chemical kinetic models can now accurately predict ignition
for these key gasoline components. In Fig. 6, the computed ignition delay times for toluene-air
mixtures are compared to those measured over a range of temperatures and for 50 atm, a pressure
relevant to conditions in internal combustion engines.

Conclusions



o For the first time, a complete chemical kinetic mechanism for the primary reference fuels
of gasoline and diesel has been developed, providing engine developers and fuel
scientists with a benchmark fuel model by which other fuels are compared.

o We have assembled reaction mechanism for the high and low temperature oxidation of a
series of 2-methyl alkanes that covers the entire distillation range of gasoline and diesel
and can be used to represent the iso-alkane chemical class.

e A surrogate model for gasoline was developed and shown to accurately model HCCI
combustion for 87 octane gasoline.
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Acronyms

CFD: Computational fluid dynamics

C20: Twenty carbon atom fuel

HCCI engine: Homogeneous-charge, compression-ignition engine
SNL: Sandia National Laboratories

RCM: Rapid compression machine

PRF: Primary reference fuel
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Figure 1. Prediction of the ignition behavior of 2-methyl alkanes compared to n-alkanes under
representative diesel engine conditions (equivalence ratio of 3, 22 atm, and 1.4 % fuel in O,/Ar).
The region of negative slope is the negative temperature coefficient region.
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Figure 2. Computed and experimental ignition delay times for stoichiometric mixtures of
gasoline PRF mixtures in air at 13 bar pressure over the low and high temperature range. (lines:
predictions; symbols: experiments [6]). The numbers are the Octane numbers of the PRF
mixtures. (e.g. 80 means 80 % iso-octane and 20% n-heptane).
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Figure 3. Computed and experimental ignition delay times for stoichiometric mixtures of
gasoline PRF mixtures in air at 13 bar pressure over the low and high temperature range. (lines:
predictions [5]; symbols: experiments). The numbers are the cetane numbers of the PRF
mixtures.
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Figure 4. Ignition delay times for stoichiometric, n-decane/air mixtures, computed using a
functional group approach (curves). The symbols are experimental ignition delay times from [9,
10].
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Figure 5. Gasoline surrogate model accurately back predicts bottom-dead center (BDC)
temperature required to achieve SNL measured HCCI combustion timing.
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Figure 6. Computed (lines) [8] and experimental (symbols) [11] ignition delay times in a shock
tube for a stoichiometric mixture of toluene in air over a range of temperatures and a pressure of
50 atm.



